ABSTRACT: Core-level binding-energy shifts were measured for Ols levels in alcohols, ethers, acids, aldehydes, esters, and acetone; Nls levels in ammonia and aliphatic amines, P2p levels in phosphine and its methyl derivatives, and S2p levels in H 2 s and its methyl derivatives. A total of 46 compounds were studied. The core-level shifts correlated well with gas-phase proton affinities, thereby extending and supporting earlier results of Martin and Shirley, Davis and Rabalais, and Carroll, Smith, and
s and its methyl derivatives. A total of 46 compounds were studied. The core-level shifts correlated well with gas-phase proton affinities, thereby extending and supporting earlier results of Martin and Shirley, Davis and Rabalais, and Carroll, Smith, and Thomas. In the amines, for which the data are most precise, a good correlation was observed for all 16 molecules taken together. On a finer scale, each series of amines (primary, secondary, tertiary) showed a linear corre-· lation, while ammonia and its methyl derivatives showed a linear correlation with different slopes. These two correlations are interpreted as responses of the system to long-range effects and to changes in the local bonds, respectively. .Similar behavior was observed in the single-bonded oxygen compounds. Excellent linear correlations were observed in the compounds of the third period elements phosphorus and sulfur. Differences in the slopes were tentatively attributed to changes in nuclear position on protonation. Analysis of the oxygen data supports the conclusion of Carroll et al that protonation of carboxyl groups occurs on the keto oxygen. These results suggest that core level shifts can be used to predict proton affinities. The enthalpy change of this reaotion is -PA, where PA is the proton affinity of B. This concept of basicity was generalized further, and freed from reference to a specific acid (H+) by Lewis, who defined a base as a molecule that tends to donate a valence electron "lone pair" in bonding with a Lewis acid; i.e., a molecule that can accept an electron pair.
2 Thus B in Eq. (l) is also a Lewis base because it contributes a + lone pair in forming the B-H bond.
Problems are encountered when attempting to relate these concepts to microscopic properties of isolated molecules. Measurements that yield basicity information are hard to make, and few are available. Gas-phase : 3 basicities can follow trends opposite to those observed in solution,
showing that the solution results may be dominated by solvation effects.
It is of considerable importance to be able to separate the local molecular effects from those of solvation, because of the bearing of these two effects on the more general question of solution vs. gas-phase chemical reactivity. The sulfur compounds were run with Ne as a standard. The spectra were taken on the 50-cm radius Berkeley magnetic spectrometer using Mg Ka 1 , 2 radiation. They were fitted to Gaussian peaks using a non-linear leastsquares computer program. In the case of o 2 , the two lines were fixed at an area ratio of 1 to 2 and a separation of 1.12 eV. For the acids and esters the peaks from the two oxygens were constrained to have the same area.
III. RESULTS
The binding energy shifts are shown in Table 1 along with the proton affinities for the various molecules studied. In some cases there was more than one literature value of the PA. In cases for which there was no clear reason to choose among various proton affinity values, preference was given to data in which an entire series was measured at the same laboratory.
The worst disagreement is for acetone, in which the PA values are separated by 14 kcal while the stated errors are 2 kcal.
' 9
The errors in the relative core binding energies are smaller than the PA errors in the oxygen compounds, amounting to 0. 02 -0. 05 eV. ( 0. 5 -1.2 kcal), being largest for molecules containing two oxygens where there is a problem of resolving two close peaks. This applies to the acids, but a om~a pa1r , though not w1t un1t s ope.
The second approach focuses on the similarity among the three processes, which for alcohols can be written
These equations were written to emphasize that in each case the ROH molecule is probed by a positive "test charge": the proton, the lone-pair hole, and the ls hole, at the OH bond distance, the 02p radius, and the Ols radius, respectively. While the absolute magnitudes of PA, IP, and EB are very different, their variation in each case depends largely on the R group's ability to stabilize the added localized positive charge by polarization.
Thus as R is varied -IP, PA, and EB should vary together linearly, though not with exactly unit slope (the slope should be app~oximately unity 4 ' 5 ).
Because the "lone pair" can have some molecular orbital character, it is the least reliable test probe. As the R group becomes larger the linear variation should become more reliable, provided that the local environment of the active group is unchanged.
The data are discussed below in groupings that test various aspects of the correlations between EB and PA. a similar Ols spectrum except that the high binding energy peak is twice the area of the other. This must therefore be the ether oxygen, and the low binding energy peak arises from the carbonyl oxygen. We are therefore confident that the Ols peaks are correctly assigned in these compounds.
Although the EB(Ols) data do not by themselves give any indication -. 6 of the protonation site in acids and esters, Carroll et al concluded from the EB-PA correlation that protonation occurs at the keto oxygen, in disagreement with the assignment of Pesheck et a1.
13 Our results agree with the_ assignment of Carroll et al. The "keto" oxygen correlation coincides with that of the aldehydes and ketones, while the ,"ether" oxygen correlation disagrees badly with the alcohol and ether values, as discussed above. 14 Protonation apparently takes place at the keto oxygen.
The range of EB(Ols) values in the doubly-bonded oxygen (Fig. 2) is actually somewhat larger than in the singly-bonded case (Fig. 1 ). This occurs in spite of the fact that in the keto linkage the "active" oxygen atom is always shielded by a carbon atom from shifts arising from changes of substituents. We believe that the larger range of EB(ls) values-and of proton affinities -in the doubly-bonded oxygens arises because of an additive combination of inductive (initial-state) and polarization (finalstate) effects. In the ether-linkage cases (Fig. 1) , by contrast, inductive shifts were relatively small because varying the alkyl groups did not change the oxygen charge very much.
The oxygen data can all be fitted reasonably well with the equation In Fig. 3 we have plotted EB(Nls) against the PA values. The EB and PA scales are both relative, with ammonia taken as the reference compound.
The absolute error in the PA of ammonia is shown in Fig. 3 .
In discussing the systematics of the EB(Nls)-PA correlation, it is useful to divide the amines into primary, secondary, and tertiary groups, with methylamine, etc., comprising the first member of each group. We note first that a straight line of unit slope, Curve A, fits roughly through all the data. All but four of the sixteen compounds' points fall within 0.1 ev of Curve A, and the worst deviation is 0.15 ev. Thus the relation (7) is roughly confirmed.
The precision of the amine data permits a more detailed interpretation. Curve B, which is described by
passes through annnonia and its three methyl derivatives. Its slope shows that PA varies faster than E (Nls) when methyl is substituted for hydrogen.
B -9-
Within each amine series (primary, secondary, tertiary), however, the relation -1.5 b.PA (9) fits the data quite accurately. This means that within a series a change of the substituent affects EB(Nls) more than PA. At first sight this The agreement with experiment is excellent (Eq. (9)).
•. is a clue that the same mechanism is operative in both cases.
In considering the sulfur compounds we first note that there are only three points and that the PA measurements were done by two different groups. It may, therefore, be fortuitous that -I:J.PA = I:J.E to within B experimental error (Table 1) . Unfortunately for geometry change arguments of the type used above for the phosphines, we do not have the geometries The main conclusion to be drawn is that these additional results tie corelevel binding-energy shifts firmly to a chemical property, the proton affinity. The proton and the core electron can be regarded as two "test charges" that probe both the static (initial-state) and dynamic (final-state)
properties of a functional group. Used in a complementary way these two probes may yield ,insight into the electron dynamics of chemical reactions. ( 3) 15 ( 3) 22 (2) 24 (2) 28 (5) 33 (3) 22 (1) 34 3 (1) 20 (2) 22 (2) 37 ( 2) 10 (5) 
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